The environment prevalent in oceans necessitates the piles supporting offshore structures to be designed against lateral cyclic loading initiated by wave action. Such quasi-static load reversal induces deterioration in the strength and stiffness of the soil-pile system, introducing progressive reduction in the bearing capacity associated with increased settlement of the pile foundation. To understand the effect of lateral cyclic load on axial response of single piles in soft clay, a numerical model was previously developed and validated by the author. Using the methodology, further analysis has been carried out to investigate how the variation in relative pilesoil stiffness and eccentricity effects the degradation of axial pile capacity due to the effect of lateral cyclic load. This paper presents a brief description of the methodology, analysis and interpretations of the theoretical results obtained from the further analysis and the relevant conclusions drawn there from.
INTRODUCTION
Offshore structures, namely oil drilling platforms, jetties, tension leg platforms etc. are mostly supported on pile foundations. Apart from the usual super structure load (dead load, live load, etc.), these piles are subjected to continuous lateral cyclic loading resulting from ocean waves. As reported by other researchers, this type of loading induces progressive degradation of the foundation capacity associated with increased pile head displacement.
A comprehensive review of literature indicates that limited research works have been done in the related areas. The contributions made by Matlock [12] , Poulos [15] , Purkayastha and Dey [17] , Narasimha Rao et al [14] , Dyson [9] , Randolph [18] and Basak & Purkayastha [5] are worthy of note. Some of the works were theoretical while the others had been experimental (laboratory and field based investigations). As pointed out by Poulos [15] , basically the following three reasons have been identified for such degradation of strength and stiffness of pile-soil system : (i) Development of excess pore water pressure generated during cyclic loading in progress; (ii) General accumulation of irrecoverable plastic deformation of soil surrounding the pile surface; (iii) Rearrangement and realignment of soil particles surrounding the pile surface.
Offshore pile foundations need to be designed considering two phenomena : adequate factor of safety against ultimate failure and acceptable deflection at the pile head. The factors responsible for cyclic performance of piles have been found to be : cyclic loading parameters (no. of cycles, frequency and amplitude of applied cyclic load), relative pile-soil stiffness and load eccentricity. A theoretical model using boundary element method to investigate how lateral cyclic loading affects the axial response of single pile in clay was previously developed and validated by the author [4] . The aim of the present work reported herein is to carry out further investigation using this model so as to study the influence of relative pile-soil stiffness and load eccentricity on the performance of single pile in clay under lateral cyclic load.
MATHEMATICAL ANALYSIS
The theoretical investigation that is reported here was aimed at developing a theoretical methodology for analyzing the effect of lateral cyclic loading on axial post-cyclic response of single piles in clay. Initially, analysis of a single pile under static lateral load was carried out. Further extension was made to incorporate the effect of lateral cyclic loading. The details of the methodology developed have been published elsewhere [4] . For computation, boundary element analysis was used.
Pile under lateral static load
The single, vertical pile was idealized as a thin vertical strip having width equal to the pile diameter and negligible thickness. Lateral static load was applied at a certain height above ground level. The embedded portion of the pile is longitudinally discretized into a finite number of elements. All pile elements were subjected to a lateral soil pressure which was assumed to act uniformly over the surface of the entire element. Initially, the focus was to evaluate the displacements of the soil and the pile at the central nodal points of each element and to apply a condition of displacement compatibility.
The soil displacements were obtained by integrating the equation of Mindlin [13] over each element. The pile nodal displacements, on the other hand, were evaluated by expressing the standard fourth order differential equation of an elastic beam in finite difference form. Considering the condition of displacement compatibility, together with the two more expressions regarding the horizontal load and moment equilibrium, the elastic soil pressures were obtained which were then compared with a specific yield pressure so as to incorporate local yield of the surrounding soil. The yield criterion was adopted following the recommendation of Broms [7] .
Once the soil pressures were correctly evaluated, the nodal displacements, shear force and bending moments could be easily determined. To evaluate the ultimate lateral capacity of pile, the applied lateral load was increased in small steps. The load corresponding to which all the pile elements fail or the maximum nodal bending moment or shear force exceeds the yield values for the pile in particular, whichever is less, had been chosen to be the ultimate static lateral capacity of the pile.
Pile under lateral cyclic load
The cyclic response of the pile in clay is governed by two significant phenomena: (i) Degradation of ultimate lateral pressure (p iu ) and Young's modulus (E s ) of soil at the nodal points and the effect of the loading rate. (ii) Shakedown effects induced by the gradual accumulation of irrecoverable plastic deformation develops in the soil at the interface as reflected by the development of a soil-pile gap extending from ground surface to a certain depth.
The degradation of soil strength and stiffness was quantified by a term soil degradation factor (D si ) considering the following recommendations of Idriss et al. [10] and Vucetic et al. [20] :
, where, ϵ i is the nodal normal strain and A & B were the two soil parameters whose values are to be determined from cyclic undrained triaxial or cyclic undrained direct simple shear tests.
This soil degradation was coupled with the effect of strain rate. As per Poulos [15] , the undrained soil strength and stiffness increases linearly with logarithm of the loading rate, F ρ being the constant of proportionality and λ r being the datum loading rate.
While calculating the axial post-cyclic pile capacity, the effect of shakedown was incorporated. Starting from the uppermost soil element, a soil-pile gap was supposed to be developed for those elements where yielding took place. However, the depth of this separation cannot be extended beyond the free standing height of the clay bed. A composite analysis was performed in comparison to the cycle-by-cycle analysis to minimize the computational time and effort without much sacrificing the accuracy. This approximate method has been reported by other researchers to yield quite promising results [2, 15] . The cyclic axial capacity of the pile was calculated considering no contribution on the frictional resistance at the interface where the gap has developed and the degraded values of soil strength and stiffness for the remaining portion of the interface where no soil-pile separation developed. Unless stated otherwise, henceforth in this paper, the term 'degradation factor' will indicate the degradation factor for axial pile capacity which was defined as the ratio of post-cyclic to pre-cyclic axial pile capacities [3, 4] .
The computations were carried out using a user-friendly computer software LCYC developed by the author in Fortran-77 language. The flowchart has been published elsewhere [4] .
VALIDATION OF THE MATHEMATICAL ANALYSIS
The analytical methodology developed has been validated by comparing the mathematical results with available experimental and theoretical results, as described below.
Kooijman [11] carried out field test on steel pipe pile under lateral static and cyclic loading in order to validate his own Finite Elelment Analysis (FEA). The load-displacement responses are shown in Fig. 1 . The curve obtained from the present theory was well in agreement with the curves corresponding to the field test and the FEA analysis except for higher values of load ranging values beyond 150 t. This is quite understandable because as the applied lateral load approaches the failure load corresponding yielding of subsoil surrounding the pile, the nodal displacements for unfailed elements were still computed by using the Mindlin's equation whereas in reality the majority of the interface soil becomes inelastic and therefore the equation no more remains valid. The theoretical bending moment diagrams, as obtained by the present theory, was compared with the available field test results and that of the FEA. The comparison is depicted in Fig. 2 . It was observed that although the theoretical curve was well in agreement with the other curves in basic nature, the magnitudes in the former curve was slightly in the higher side and the peak bending moment also occurred at a greater depth. This deviation was supposed to be due to the inaccuracy initiated in application of Mindlin's equation at higher load levels. From the given pre-cyclic and post-cyclic load deflection curves as per Kooijman [11] , the degradation factor was estimated as the ratio of the corresponding secant modulii. The degradation factor calculated from the field test results was D f = 0.83. Considering the post-cyclic ultimate lateral soil pressures, the computed value of degradation factor for ultimate lateral capacity of the pile, as per the present theory, came out to be D f = 0.92. However, in computing this value, some of the cyclic soil parameters were reasonably assumed since they were not available in the literature. These assumed values were as follows : A s = 0.01, B s = 9.5, F ρ = 0.1 and λ r = 0.08. The no. of cycles and frequency reported were respectively 10 and 6.667 cycles per minute. obtained from the present computation were well in agreement with the FE results, although there are some deviations. The distributions of lateral soil pressure along pile depth are shown in Fig. 3 . In the present analysis, the soil pressure was observed to increase with depth to a maximum positive value, thereafter reduced gradually to zero and for further depth, it became negative. This change in sign from positive to negative was found to occur at normalized depths of 0.65 and 0.3 with L/d ratios of 10 and 25 respectively. In case of the analytical results of Bouzid et al. [6] , the profiles for soil reaction were of similar nature except the absence of any negative soil pressure zone in the vicinity of pile tip and the magnitude of p gradually increased with depth near the tip. The pile deflection profiles are presented in (Bouzid et al, 2006) Normalized soil reaction Bouzid et al. [6] .
Normalized depth Normalized soil reaction
The report of University of Western Australia regarding the field investigations vide Dames & Moore Job No. 08043-073-071 [19] , was primarily aimed towards presenting suitable design criteria based on the field test results. The proposed substructure comprised of four-legged jacket with an integral module support frame and the proposed foundation consisted of a fourpile group, one at each corner. A steel tubular primary pile was driven vertically at four pile positions and an additional tubular insert was grouted in a hole drilled through the primary pile at three slots. In the report of UWA, the lateral single pile load-deflection response was evaluated using the method of subgrade reaction on the basis of p-y data obtained from the field tests. Fig. 6 represents a comparison of the field load-deflection curve with that obtained from the present analysis. It may be observed that the computed curve is fairly linear as against a hyperbolic field response although in magnitude they are quite closer. The ultimate capacity of the long and flexible pile (K rs = 10 −4 ) was computed as 700 MN. Since the L/d ratio is quite high, about 47, the failure of pile material due to yielding under excessive bending stress prior to soil yield has occurred as reflected in the computational analysis. However, no field data regarding the failure load of the single pile is available. It has also been observed from analysis that under working load upto 7 MN, soil yielding has taken place only for the top 5-10% of the depth of embedment which indicates that the interactive behaviour of the soil-pile system is largely elastic in this range of loading and justifies the linear nature of the load-deflection curve. Dyson [9] carried out experimental investigation on the pile-soil interaction due to lateral loading (monotonic and cyclic) in sand and silt. All tests were carried out in a beam centrifuge machine at 100g and 160g. The results obtained were compared with the existing models and relevant conclusions were arrived at. The computed load-deflection response at pile head, as obtained from the present analysis, has been compared with the average experimental response. It was observed that the basic nature of the two curves, as depicted in Fig. 7 , is similar although the variation in the magnitude was considerable. Fig. 8 . represents the computed and the experimental cyclic pile deflection profile at No. of cycles = 100. It should be mentioned at this stage that no rotation has actually taken place at the pile head due to the chosen boundary condition although it appears because of Excel package that notable head rotation has taken place. Notable deviation between the computed and experimentally derived deflection profiles may be observed in the vicinity of G.L. which progressively diminished with increase in depth. However, for z/L > 0.3, the deviation is quite small. The computed and the experimental profiles for the pile bending moment at N =100 are depicted in Fig. 9 . The basic natures of the two curves are similar but the deviation in magnitude is fairly large, the computed values being on the higher side. The contra-flexure has been observed to occur at a normalized depth of 0.75 against the experimental value of 0.3.
Chaudhry [8] carried out theoretical investigations regarding static soil-pile interaction in offshore pile groups. Apart from analysis on single pile under axial load, works on laterally loaded single pile was also done. The lateral static load-deflection response are shown in Fig.  10 . It has been observed that both the curves are hyperbolic in nature. However, the pile head deflections have been over-predicted in the present method. The ultimate lateral load obtained from the present analysis is 65 KN as against 53 KN as per the finite element method of Chaudhry [8] . 
RESULTS AND DISCUSSIONS
The theoretical methodology and the software developed have been utilized to study the postcyclic axial response of single prototype pile in clay. The problem is shown in Fig. 11 . The undrained cohesion c U of the soil has been assumed to increase linearly with depth at a rate of increment of K h = 3 KN/m 3 , starting from a value of c u0 = 30 KPa at ground level. After the recommendations of Poulos & Davis [16] and Banerjee & Davies [1] , the ratio E s /c u is reasonably chosen as 100. The embedded length of the pile was increased sequentially such that the L/d ratio varied starting from a value of 10 up to a maximum limit of 50, incorporating gradual reduction in the relative pile-soil stiffness K rc the value of which has been calculated using the following relation suggested by Poulos & Davis [16] :
where, E p I p is the flexural rigidity of the pile. Analysis was carried out for the free and the fixed pile head conditions. As per Poulos & Davis [16] , pile can be considered a flexible one when K rc < 0.01. For the present case, this happens when L/d exceeds 11.54.
Influence of stiffness and eccentricity on static lateral response
The computed values of ultimate lateral pile capacities for various L/d and e/d ratios are summarized in Tab. 1. The values of the ratio of static lateral ultimate capacities for fixed to free pile head conditions (referred herein as 'capacity ratio') are presented in Tab. 2. The values of ultimate lateral capacity were normalized by a term c u0 d 2 . This normalized values for the free and the fixed head conditions were plotted against L/d ratio, as shown in Fig. 12 . It was observed that for initial values of L/d ratio, the capacity increased quite sharply and fairly linearly. But whenever a certain critical value of L/d ratio was attained, the slope of the curves suddenly decreased. For further increase in L/d ratio, the slope of the curves gradually diminished. This critical value of L/d ratio varied in the ranges of 30-40. Understandably for initial values of L/d ratio, lateral load attains the ultimate value due to yielding of surrounding soil. As L/d ratio increases, failure of pile material itself because of development of plastic hinge takes place prior to soil yield. This is the reason responsible for such behavioral trend.
The normalized ultimate lateral pile capacities for the free and the fixed head conditions were plotted against K rc , as shown in Fig. 13 . The capacity was observed to decrease quite sharply at initial stage, but gradually tends to stabilize asymptotically at higher values of K rc .
The values of ultimate lateral capacity for the free and the fixed head conditions were plotted against e/d ratio, as shown in Fig. 14 . It was observed that the capacity decreased with increase in e/d ratio approximately linearly although in case of free headed pile, a tendency of asymptotic stabilization of the curves may be noted. Understandably, the increment in load eccentricity induces greater moment at pile head which significantly reduces the contribution of the lateral load to cause failure of the pile. 
Influence of cyclic loading parameters
The influence of cyclic loading parameters on the response of the pile was studied at L/d ratio of 20 and zero eccentricity. Thereafter, further analysis was done by varying the stiffness and eccentricity. The initial static analysis has been carried out. For ascertaining the lateral static response, the method described above has been utilized, whereas in case of axial static response, the conventional method (available in any standard text book) has been followed. Analysis was carried out considering the free and the fixed head conditions of the pile. As already stated earlier, the cyclic soil-pile interactive response was quantified by a term degradation factor defined earlier. For detailed analysis using the methodology described above, some additional parameters related to cyclic behaviour of soil apart from the soil and pile data is necessary. The values of these parameters already considered by Basack and Purkayastha [5] have been assumed here as well, which are as follows : A = 0.025; B = 8.5; F ρ = 0.1; λ r = 6.59 mm/minute.
From detailed cyclic analysis, the degradation factor was observed to vary between the maximum and the minimum values of about 0.942 to 0.677. This indicates considerable loss (about 32%) of pile capacity at higher amplitudes. The author's long experience in this field indicates that the degree of this deterioration is highly sensitive to the values of A and B to be considered for analysis.
The patterns of variation of degradation factor with cyclic loading parameters were studied carefully. The observations are sequentially described below. Fig. 17 depicts a typical plot of degradation factor versus no. of cycles. It has been observed that in almost all the cases, the degradation factor as well as the slope of the curves decreases with no. of cycles. Initially (upto about N = 500), the reduction in value is quite considerable, and there is a tendency towards exponential pattern of reduction. The probable reason against such pattern is that as per the model, the soil strength decreases exponentially with N which in addition to the effect of shakedown, has introduces this nature variation. A representative plot of degradation factor versus frequency is shown in Fig. 18 . For most of the cases, the degradation factor was observed to increase with frequency. Initially within 15 c.p.m., the increase is fairly pronounced after which there is an asymptotic stabilization. This type of pattern is in accordance with the consideration of logarithmic increase in soil strength and stiffness with relative loading rate. Fig. 19 . presents a sample variation of degradation factor with amplitude of cyclic loading. The degradation factor was observed to decrease in parabolic manner; the slope of the curves increases sharply amplitude. This pattern of variation is in accordance with the experimental observation of Basack [3] . Exponential deterioration in soil strength and stiffness coupled with shakedown effect is the probable reason for such pattern of variation.
The increase in the depth of soil pile separation with cyclic loading parameters was studied. It was observed that although this depth is not affected much by the variation in frequency, the same is affected significantly with no. of cycles and amplitude. Two typical plots, one with amplitude and the other with no. of cycles, are depicted in Figs. 20 and 21 respectively. The normalized depth of soil-pile separation was found to increase fairly linearly with amplitude for majority of the cyclic loading conditions, although in some cases, the slope of these lines was observed to increase slowly with amplitude. On the other hand, this depth increases asymptotically with no. of cycles. For higher amplitudes and no. of cycles, the depth of separation was as high as about 23% of the embedded pile length. It has been observed from Tab. 3 that the values of degradation factor varied from a highest vale of 0.863 indicating less deterioration in soil-pile interactive performance to as low as 0.709 inducing remarkable loss in axial pile capacity. For identical values of cyclic loading parameters and pile geometry, the degradation of free headed pile is observed to be less in comparison with that for fixed headed pile.
It has been observed that under free head condition, the degradation factor initially decreases quite sharply with L/d ratio to a certain minimum value and thereafter increases fairly linearly. The value of L/d ratio at which the degradation factor attains minimum value has been observed to lie in the range of 15-25. Under fixed head condition, on the other hand, the degradation factor was observed to initially increase to a maximum value, thereafter decrease to a minimum value, and then further increases. These maximum and minimum values were found to occur at L/d ratio between 15-20 and 20-30 respectively. In the initial stage when L/d ratio increases, the depth of soil-pile separation is expected to increase as well up to an optimum limit. Further increment in L/d ratio does not affect the depth of separation significantly but likely to increase the soil degradation factor resulting from notable reduction in the nodal strain due to reduced pile displacement at greater depth. This possible reason, coupled with head fixity in case of fixed headed pile, has initiated this peculiar pattern of variation of degradation factor with L/d ratio.
With alteration in e/d ratio, on the other hand, the degradation factor has been observed to decrease fairly linearly for e/d > 2. Understandably, the increment in load eccentricity induces greater moment at pile head which in turn increases the soil-pile separation as well as soil degradation and thus the degradation factor reduces. It may be observed from the above cyclic analysis that for a specified cyclic loading parameters and pile geometry, the degradation factor for fixed headed pile is slightly higher as compared to that under free headed pile but without much difference. Possibly this is because of lesser cyclic nodal displacements of piles due to hear fixity. But since the amplitudes are expressed in terms of percent of lateral static loads and not in their absolute values, the deviation is not remarkable.
It is hereby mentioned that actually the stress-strain relationship of soil is purely nonlinear. But in the analytical methodology described herein, the soil has been idealized as an elastic-perfectly plastic material. This deviates from the initial assumption of Mindlin's equation, especially when lateral load approaches the ultimate value. Also, the cyclic response of the pile-soil system is governed by shakedown phenomenon coupled with soil degradation and effect of strain rate and therefore quite complex in nature. These factors might have influenced the results to some extent and thus in some cases, the curves obtained from cyclic analysis are of somewhat irregular pattern. However, the entire work frames a significant guideline to understand the influence of relative pile-soil stiffness and load-eccentricity on the performance of cyclically loaded single pile in clay.
Based on detailed analysis and interpretation, the author has developed a design philosophy associated with curves and charts for offshore concrete piles where the approach is to estimate suitable values of L/d and e/d ratios for maximum possible degradation factor under a given frequency and amplitude. The detail of this design methodology has been submitted elsewhere for publication.
CONCLUSION
Although considerable research works were carried out on cyclic lateral response of piles, investigations on the influence of relative pile-soil stiffness and load eccentricity is quite limited. The entire work frames a significant guideline to understand the influence of K rc and e/d on the performance of cyclically loaded single pile in clay. A prototype concrete pile embedded in a medium soft clay bed with linearly increasing soil modulus was considered and analysis was carried out. Initially, the influence of pile-soil stiffness and load eccentricity on lateral static response was studied. This was followed by investigation on the effect of cyclic loading parameters on post-cyclic axial response of the pile and further analysis was done to study the influence of L/d and e/d ratios on post-cyclic axial pile response.
From the entire investigation, the following theoretical conclusions may be drawn :
1. The ultimate lateral pile capacity was observed to be significantly affected by alteration in the relative pile-soil stiffness and load eccentricity. 3. From the plot of normalized ultimate lateral pile capacities against K rc , the capacity was observed to decrease quite sharply at initial stage, but gradually assumed an asymptotically stabilizing tendency at higher values of K rc .
4. The lateral ultimate capacity of the piles decreased with increase in e/d ratio approximately linearly although in case of free headed pile, a tendency of lateral bearing capacity failure was noted.
5. The value of the capacity factor drastically dropped down for initial values L/d ratio and reached a minimum limit. Thereafter, the curves again sloped in the upward direction and asymptotically stabilized for higher values of L/d ratio. The value of L/d ratio at which the curves attained minimum limits was observed to lie in the range of 20-25. The capacity factor was observed to increase fairly linearly with e/d ratio.
6. Lateral cyclic loading introduces degrading effect on axial capacity of pile. In extreme cases, it may lead to disastrous consequences producing as high as 32% loss in capacity.
The degree of such deterioration is strongly dependant upon the values of A and B parameters of the soil.
7. As observed from theoretical analysis, the degradation factor decreases with no. of cycles and increases with frequency asymptotically. The degradation factor was observed to decrease in parabolic manner with amplitude as well.
8. It was observed that although the depth of pile-soil separation was not affected by the variation in frequency, the same was affected significantly with no. of cycles and amplitude. The normalized depth of soil-pile separation was found to increase fairly linearly with amplitude for the majority of the cyclic loading conditions, although in some cases, the slope of these lines was observed to increase slowly with amplitude.
9. The depth of soil-pile separation theoretically increased asymptotically with no. of cycles. For higher amplitudes and no. of cycles, the depth of separation was as high as about 23% of the embedded pile length.
10. It has been observed that under free head condition, the degradation factor initially decreases quite sharply with L/d ratio to a certain minimum value and thereafter increases fairly linearly. The value of L/d ratio at which the degradation factor attains minimum value has been observed to theoretically lie in the range of 15-25. Under fixed head condition, the degradation factor was observed to initially increase to a maximum value, thereafter decrease to a minimum value, and then further increases. These maximum and minimum values were found to occur at L/d ratio between 15-20 and 20-30 respectively.
11. With alteration in e/d ratio, the degradation factor has been observed to decrease fairly linearly for e/d > 2.
